Introduction

51
Within neural circuits, the activity pattern of any neuron is shaped by input from multiple 52 presynaptic neurons. Inputs from distinct presynaptic neurons may have different 53 strengths or signs, and may be subject to different modulatory modifications (Johnson et 54 al. 2011) . Even when multiple presynaptic neurons are active synchronously, 55 differences in the strength, dynamics and plasticity rules of the synapses modify the 56 total influence on the postsynaptic neuron (Abbott et al. 1997; Markram et al. 1998; 57 Puccini et al. 2007 ). These differences depend on neurotransmitter types, presence of 58 co-transmitters, and on the network activity and modulatory state. Consequently, 59
properties of distinct presynaptic inputs are important factors in defining the neural 60 circuit output and its plasticity in response to different brain states and behavioral needs 61 (Nadim and Bucher 2014) . 62
The pyloric circuit of the crustacean stomatogastric ganglion provides a noteworthy 63 example of flexibility resulting from multiple synaptic inputs (Daur et al. 2016) . The 64 pyloric circuit oscillatory activity is driven by a pacemaker group, consisting of one 65 anterior burster (AB) and two pyloric dilator (PD) neurons. These neurons are 66 connected through gap junction-mediated electrical coupling and produce synchronous 67 bursting oscillations. Previous studies of this neural circuit in the spiny lobster Panulirus 68 interruptus have shown that the AB and PD neurons have distinct neurotransmitter 69 types: the AB neuron is glutamatergic, whereas the PD neurons are cholinergic (Eisen 70 and Marder 1982; Marder and Eisen 1984b) . Consequently, the postsynaptic influences 71 of these two neuron types are distinct in their strength and kinetics (Rabbah and Nadim 72 2007). However, most postsynaptic targets of the pyloric pacemaker group, including 73 the lateral pyloric (LP) and pyloric constrictor (PY) neurons, receive synaptic input from 74 both AB and PD neurons. As a result, although these postsynaptic neurons experience 75 a composite synaptic input from the pacemaker group, the relative contributions of the 76 AB and PD synapses to this total current are distinct in their strength, kinetics and its 77 response to modulatory inputs (Rabbah and Nadim 2007) . 78
Most recent studies of the pyloric circuit use the crab Cancer borealis as the 79 experimental species (Blitz 2017; Follmann et al. 2017; Haddad and Marder 2018; 80 Haley et al. 2018; Lett et al. 2017; Li et al. 2018; Otopalik et al. 2017; White et al. 2017) . 81
In this species, however, the neurotransmitters used by the pacemaker AB and PD 82 neurons have not been described, and the relative contribution of the AB and PD 83 synapses remains unquantified. In this study, we examine the neurotransmitter identity 84 of the AB and PD neurons in C. borealis, explore the contribution of the AB and PD 85 synapses to the total synaptic input in the LP and PY neurons, and examine the short-86 term dynamics of these synapses. 87
Methods
88
Adult male crabs (Cancer borealis) were acquired from local distributors and maintained 89 in aquaria filled with chilled artificial saline until ready for use. Prior to dissection, crabs 90 were placed on ice and the dissection was performed using standard protocols as 91 previously described (Blitz and Nusbaum 2012; Tseng and Nadim 2010). The 92 stomatogastric nervous system, including the four ganglia (esophageal ganglion, two 93 commissural ganglia and the stomatogastric ganglion, STG), the motor nerves and 94 connecting nerves, were dissected from the stomach and pinned to a saline filled, 95
Sylgard (Dow-Corning) lined 100 mm Petri dish. The STG was desheathed, exposing 96 the somata of the neurons for intracellular impalement. Preparations were superfused 97 with chilled (11-13°C) physiological Cancer saline containing: 11 mM KCl, 440 mM 98 NaCl, 13 mM CaCl2 · 2H2O, 26 mM MgCl2 · 6H2O, 11.2 mM Trizma base, 5.1 mM 99 maleic acid, adjusted to a pH of 7.4. 100 Extracellular recordings were obtained from identified motor nerves using stainless steel 101 electrodes, placed inside and outside of a petroleum jelly well created to electrically 102 isolate a small section of the nerve, and amplified using a differential AC amplifier model 103 1700 (A-M Systems). Individual pyloric neurons were impaled with glass 104 microelectrodes and identified via their activity patterns, axonal projections in recorded 105 motor nerves and their synaptic interactions with other neurons within the network 106 (Weimann et al. 1991) . Intracellular glass microelectrodes were prepared using the 107
Flaming-Brown micropipette puller (P97; Sutter Instruments) and filled with 0.6 M K2SO4 108 and 20 mM KCl. Current injections were done using microelectrodes with a resistance 109 of 15-22 MΩ; membrane potential measurements were performed using 110 microelectrodes with a resistance of 25-30 MΩ. Intracellular recordings were performed 111 using Axoclamp 2B and 900A amplifiers (Molecular Devices) and digitized using the 112 Digidata acquisition board and pClamp 9 software (Molecular Devices). 113
Comparison of Synapses 114
The synapses between pyloric neurons have two components: spike mediated and 115 graded (Graubard et al. 1980) . In this study we focus on the graded component, the 116 dominant mode of transmission in pyloric synapses (Manor et al. 1997; Rosenbaum and 117 Marder 2018; Zhao et al. 2011 ), which we measured in the presence of 10 -7 M 118 tetrodotoxin (TTX; Biotium). TTX blocks sodium channels and therefore removes all 119 action potential activity. In the presence of TTX, all pyloric neurons become quiescent at 120 a resting potential of around −60 mV. TTX also blocks all descending modulatory input 121 to the STG. 122
Our measurements of synaptic potentials include synaptic inputs from both AB and PD 123 neurons. We controlled the membrane potential of the pacemaker ensemble by 124 controlling the PD neuron in two-electrode voltage clamp (TEVC) mode (Li et al. 2018) . 125
We measured the postsynaptic potential (due to both pacemaker neuron types) 126 simultaneously in the LP and PY neurons (Rabbah and Nadim 2007). The PD neuron 127 was voltage clamped at −60mV. The voltage-clamped PD neuron was then depolarized 128 with a train of five pulses (duration: 500 ms; inter-pulse interval: 500 ms) with 129 amplitudes ranging from 15 to 45 mV, in 5 mV intervals. The postsynaptic neurons (PY 130 and LP) were each held at −50 mV, away from the synaptic reversal potential of around 131 −80mV, in order to record the synaptic current, using a single-electrode in discontinuous 132 current clamp (DCC). Following measurement of the synapses in control saline 133 (including 10 -7 M TTX), to isolate the cholinergic component of the total postsynaptic 134 potential, we repeated our measurements after 30 min superfusion in 10 -7 M TTX and 135 10 -5 M picrotoxin (PTX; Sigma-Aldrich). PTX blocks glutamatergic synapses in the STG 136 of both C. borealis and P. interruptus (Bidaut 1980; Cleland and Selverston 1995; 137 Marder and Paupardin-Tritsch 1978; Rinberg et al. 2013; Temporal et al. 2012) and, in 138 the latter species has been found to selectively block synaptic inhibition from the AB 139 neuron but not that from the PD neuron (Rabbah and Nadim 2007). After 140 measurements in PTX, the preparations were superfused with control saline for 45 141 minutes for measurements in wash conditions. 142
To quantify the synaptic strength, we fit the difference between the postsynaptic 143 baseline voltage and the peak amplitude of the postsynaptic potential, evaluated at all 144 presynaptic voltages, with a Boltzmann sigmoidal equation: 145
For each condition, we evaluated the maximum amplitude (IPSPmax), activation midpoint 147 value (Vmid) and activation slope factor (VC). 148
Short-term synaptic dynamics were measured in both LP and PY neurons in response 149 to a train of five 500 ms square pulses with 500 ms inter-pulse intervals (Rabbah and 150 Nadim 2005). The extent of synaptic depression in both LP and PY neurons was 151 quantified as a ratio of the response of the fifth pulse to the first pulse. 152
Harvesting identified neurons 153
The PD, LP, PY, and AB neurons were identified as described above. Due to their small 154 soma size, the AB neurons were filled with Alexa Fluor 488 at a concentration of 4 155 mg/ml (ThermoFisher Scientific) by electrophoresis for 20 mins with a constant −20 nA 156 DC current, to ease identification for harvesting after electrophysiological identification. 157
Cells then were collected as described previously (Schulz et al. 2007 ). Briefly, after 158 electrophysiological identification of neurons, a petroleum jelly well was built around the 159 STG. The ganglion was then exposed to ~2.5 mg/mL protease (Sigma Aldrich) diluted in 160 crab saline to digest the connective tissue. After loosening of the neurons by protease 161 digestion, the protease was thoroughly washed away from the ganglion and the saline 162 in the well was replaced by 70% ethylene glycol diluted in Cancer saline over the course 163 of ~15-20 min. The Petri dish was then placed at -20°C for 1 hour. A total of 5 PD, 5 LP, 164 6 PY, and 7 AB neurons were hand dissected from the STG (N=7 ganglia) using fine 165 forceps. Each neuron was placed in 400 μL lysis buffer and stored at -80°C. 166 cDNA synthesis and pre-amplification 167 Total RNA was isolated from each neuron using the Quick-RNA MicroPrep kit (Zymo 168
Research) per manufacturer's instructions. Reverse transcription of total RNA was then 169 performed using a mixture of oligo-dT and random hexamer primers (qScript cDNA 170 Supermix; QuantaBio). Half of the cDNA produced from each neuron (10 µL) was then 171 pre-amplified using PerfeCTa PreAmp Supermix (QuantaBio) according to the 172 manufacturer's instructions (20 μL reaction volume) with 0.5 µM final concentration of 173 each gene-specific primer (Table 1) . This protocol utilizes a 14-cycle PCR reaction 174 primed with a pool of target-specific primers to enrich subsequent qPCR reactions when 175 starting sample is limited. 176
Multiplex primer and probe design 177
Genes of interest were identified from the C. borealis nervous system transcriptome 178 Table 1 . 188
Quantitative polymerase chain reaction (qPCR) 189
After preamplification, cDNA samples were diluted 7.5x in nuclease-free water ( 
Results
207
The electrically coupled AB and PD neurons comprise the pacemaker ensemble of the 208 pyloric network. These neurons oscillate synchronously and together drive the rhythmic 209 activity of the network by simultaneously inhibiting the pyloric follower neurons, 210 including the LP and PY neurons. A cycle of the triphasic pyloric rhythm is generated by 211 the synchronous burst of the pacemaker neurons, followed by a burst in the LP neuron 212 and then a burst in the PY neurons ( Fig 1A) . Our goal is to confirm that, in Cancer 213 borealis, the AB and PD neurons use different neurotransmitters (ACh and glutamate), 214 and to identify the relative contributions of the AB and PD neurons to the composite 215 synapses in the follower neurons LP and PY. 216
Single-cell expression of neurotransmitter genes from STG neurons 217
We first determined expression of mRNA levels for genes associated with 218 neurotransmitter phenotype in single neurons: (1) To determine glutamate expression across pyloric neurons we measured vGluT. vGluT 233 is responsible for the transport of glutamate from the cytoplasm into synaptic vesicles, 234
and is commonly used a marker of neurons that use glutamate as a neurotransmitter 235 (Jing et al. 2015; Kolodziejczyk et al. 2008) . PD neurons showed minimal expression for 236 vGluT while all three other neurons showed significantly greater expression (Fig 2C;  237 p<0.001, F(3,19)=19.27 One-Way ANOVA). This result strongly suggests that in C. 238 borealis, like P. interruptus, the two pacemaker neurons PD and AB express different 239 neurotransmitters, and that each pacemaker neuron may differentially inhibit the 240 follower neurons. Lastly, the four neurons did not differ significantly in AChE expression 241 (Fig 2D; p=0 .066, F=2.86; One-Way ANOVA), which suggests that all four neuron types 242 receive cholinergic synaptic input. 243
Examining the PD-evoked LP, and PY neuron IPSP amplitudes 244
To measure the synaptic strength, we first examined the differences in amplitude of the 245 pacemaker-evoked IPSPs in the LP and PY neurons in response to the PD neuron 246 depolarization. The IPSP amplitude elicited in both LP and PY neurons increased with 247 increased PD depolarization as expected from a graded synapse (Figs. 3A and 3B ). To 248 measure the synaptic activation curve, in each experiment and for reach of the two 249 synapses, we fit the peak synaptic currents at all presynaptic membrane potentials with 250 a Boltzmann sigmoidal curve (Fig 3B; The AB and PD neurons make a compound inhibitory synapse to both LP and PY 258 neurons in the spiny lobster P. interruptus which consists of a comparable contribution 259 from each of the two presynaptic neurons (Rabbah and Nadim 2007). Our results 260
showed that in the crab C. borealis, the AB and PD neurons have different mRNA 261 expressions for glutamate and acetylcholine (Fig 2) . We therefore examined the relative 262 contributions of the AB and PD neurons to the total synaptic effect in the LP and PY 263 neuron in C. borealis. 264
We used picrotoxin (PTX, 10 -5 M) to block the glutamatergic synapses from the AB 265 neuron and measured the IPSPs using the presynaptic pulse protocol used above. In 266 both synapses, PTX drastically reduced the amplitude of the IPSP, but did not 267 completely block it (Fig 4A) . For IPSPs measured in both the LP and the PY neurons, 268 this effect was consistent at all presynaptic potentials (Fig 4B) . A comparison of the 269 synaptic activation curves in control and PTX showed that PTX significantly decreased 270 the max IPSP amplitude in both synapses (LP: F(2,18)=18.47, p<0.0001, N=12, one-way 271 RM-ANOVA; PY: F(2,27)=16.51, p<0.0001, N=11, one-way RM-ANOVA). The strength of 272 the pacemaker induced synapse in the LP neuron in PTX was 24% of the control value, 273 whereas in the PY neuron it was 29% of control. The effect of PTX on both synapses 274 was partially washable (Fig 4) . There was no difference in the Vmid or VC values in Ctrl 275 and PTX for both the LP and PY neurons (Vmid: LP, p=0.115, PY, p=0.068; VC: LP, 276 p=0.989, PY, p=0.464; one-way RM-ANOVA). 277
Characterization of Synaptic Dynamics 278
To characterize the extent of short-term dynamics of the pacemaker synaptic input to 279 follower LP and PY neurons, we depolarized the PD neuron to different membrane 280 potentials with consecutive square pulses (five 500 ms pulses with 500 ms inter-pulse 281 intervals; see Methods) and recorded the IPSPs in the LP and PY neurons (Fig 5A) . 282
The second and subsequent IPSPs in both the PY and LP neurons were smaller in 283 amplitude than those elicited by the first pulse, indicating that both synapses had short-284 term depression. The extent of synaptic depression was quantified as a ratio of the 285 amplitudes of the fifth (steady state) and first IPSPs (5 th /1 st ) for each neuron (Mamiya et 286 al. 2003) . Although there was some variation in this paired-pulse ratio, the level of 287 depression was statistically independent of the presynaptic voltage amplitude or the 288 postsynaptic cell type (LP and PY, p = 0.9095, N=12, two-way ANOVA; Fig 5B) . 289
To examine the contribution of the synaptic output of the PD neuron to synaptic 290 depression, we compared the level of depression in the LP and PY neuron IPSPs in 291 control and PTX saline (Fig 6A) . Because presynaptic voltage amplitude did not 292 influence depression levels, we only show the results for the 40 mV amplitude pulses. 293
Once again, even though there was some variability in the paired-pulse ratio (5 th /1 st ), we 294 found no significant difference between depression levels in control, PTX or wash in 295 either the LP or PY neuron IPSPs (LP: p=0.066, N=12; PY: p=0.973, N=11, one-way 296 RM-ANOVA, Fig 6B) . This result indicates that the level of depression is not significantly 297 different for the synaptic output from the AB or PD neuron to these follower neurons. 298 To explore the functional strength of the AB and PD synapses to the follower neurons, 367 we took advantage of picrotoxin, a known blocker of glutamatergic synapses in the 368 stomatogastric ganglion (Bidaut 1980; Cleland and Selverston 1995; Marder and 369 Paupardin-Tritsch 1978; Rinberg et al. 2013; Temporal et al. 2012) . We found that, as in 370 P. interruptus, in C. borealis the PD neuron makes a functional synapse onto the pyloric 371 follower LP and PY neurons. The contribution of the PD neuron to the total compound 372 synapse was about 24% in the LP neuron and about 29% in the PY neuron. This finding 373 is consistent with the observation that, in PTX, the synapse from the pacemakers is 374 often incapable of driving the follower neurons to produce a rhythmic oscillation (e.g., 375 Fig 1, Rinberg et al. 2013) . 376
The pyloric follower neurons LP and PY rebound from pacemaker inhibition to produce 377 activity bursts at two different phases of each cycle, with the LP burst leading that of PY 378 (see, e.g. , Fig 1) . It is natural to assume that this phase difference is partly due to 379 different synaptic input strengths from the pacemaker neurons. However, previous 380 studies of the P. interruptus pyloric circuit showed that this phase difference is entirely 381 due to different intrinsic properties of these two follower neurons, and that the synaptic 382 input from the pacemakers to these neurons is in fact identical (Rabbah and Nadim 383 2007 Wash. B. We found no significant difference between depression levels (5 th /1 st ratio) in 661 control, PTX or wash in either the LP or PY neuron IPSPs (LP: p=0.066, PY: p=0.973). 662
